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Abstract 
 
In this study the chemical separation procedure for cosmogenic beryllium-10 (10Be) in quartz 
for analysis by accelerator mass spectrometry (AMS), as well as the necessary sample 
preparation procedures, were established, and the methodology was applied to the 
determination of erosion rates in a section of the eastern Escarpment in the Mpumalanga and 
Limpopo Provinces of South Africa between 24°30’ S and 27° S, to fill a gap in the existing 
database of erosion rates along the Southern African Great Escarpment.  
Sample preparation was done in the Spectrum analytical facility of the Faculty of Science at 
the University of Johannesburg, the chemical separation was carried out in the ultraclean Wits 
Isotope Geology Laboratory (WIGL) at the University of the Witwatersrand, and the AMS 
analyses were carried out at iThemba Labs in Johannesburg. The chemical separation 
procedure makes use of two successive ion exchange column steps: The first employs an anion 
ion exchange resin and the second a cation exchange resin. The second one in particular 
required careful calibration, which was done for two column volumes (1and 2 ml resin 
respectively), using inductively coupled plasma optical emission (ICP-OES) spectroscopy.  
The samples analyzed comprised six stream sediments taken in rivers draining the eastern 
Escarpment to determine catchment-wide erosion rates, as well as five rock samples taken from 
outcrops close to the escarpment crest, for comparison. Erosion rates determined from the river 
sediment samples range from 3.9 ± 0.3 to 16.6 ± 1.1 meters per million years (m/Ma), while 
those for outcrop samples range from 1.77 ± 0.15 to 23.9 ± 3.2 m/Ma. This much larger range 
for bedrock samples than for river sediments demonstrates, once again, the averaging over 
catchment areas achieved by analyzing river sand. The range of values obtained is similar to 
erosion rates determined in other parts of the Great Escarpment, except in the high Drakensberg 
escarpment east of Lesotho, where values up to 80 m/Ma have been previously determined for 
stream sediments, and up to 200 for bedrock samples.  
Erosion rates for river sediment as well as bedrock samples (but the former more convincingly) 
show an anticorrelation with altitude, which probably reflects a dependence on topographic 
relief rather than prevalent rock type: the top of the escarpment is a peneplain, whereas the 
lower lying areas adjoining it are valleys. The anticorrelation also indicates that the escarpment 
is eroding predominantly through back-wearing (i.e. river valleys propagating into the 
escarpment) rather than down-wearing (escarpment lowering). Previously published erosion 
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rates determined on river sediments downstream of the study area, in the low-lying peneplain 
of the Kruger National Park > 50 km further East of the escarpment, are however mostly lower 
than the values obtained in this study, indicating that sediment contributed by slowly-eroding 
proximal areas (having high 10Be concentrations) can mask the low-10Be signal of higher 
erosion rates carried from further upstream.  
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CHAPTER 1: Introduction and background to the study 
 
1.1 Evolution of the southern African landscape 
The nature, origin and evolution of the southern African landscape has been a subject of great 
interest since the beginning of the twentieth century (e.g. Suess, 1904; Penck, 1908; Du Toit, 
1910). This landscape is comprised of an interior plateau that is elevated greater than 1000 m 
and separated from the low-lying and dissected coastal plain by the Great Escarpment 
(Partridge and Maud, 1987; Grab and Knight, 2013). The Great Escarpment occurs ~50 to 200 
km inland of the coast and stretches from Angola in the west to Mozambique in the east (Figure 
1). The break-up of the Gondwana supercontinent ca. 180 – 120 Ma led to the development of 
a high marginal escarpment, which then experienced extensive pediplanation (back-wearing) 
associated with peneplanation (down-wearing) due to the high energy potential and Cretaceous 
humid climate (Partridge and Maud, 1987; Partridge et al., 2006; Watkeys, 2006). Therefore, 
the high topography of the Great Escarpment is in part due to an inheritance from the high 
elevations of southern Africa prior to the Gondwana break-up, and the uplift along the rift 
shoulders (Partridge, 1998; Partridge et al., 2006). 
Unlike in active continental margins, the processes responsible for the uplift of southern Africa 
are still unclear (Flowers and Schoene, 2010). While it has been suggested that the southern 
African plateau has been highly elevated as a result of recent and rapid uplift since the mid to 
late Tertiary (Partridge and Maud, 1987; Burke, 1996), it was advocated in more recent work 
that the topography has been high at least since the Cretaceous (Brown et al., 2002; de Wit, 
2007; Tinker et al., 2008).   
Quantifying the rate of denudation processes that shape the southern African landscape is 
essential for the understanding of the landscape evolution. Over the past three decades, 
cosmogenic nuclide techniques have been used to estimate rates of landscape change in all 
parts of the world. Cosmogenic nuclides are isotopes that are produced when secondary cosmic 
rays, that bombard the earth’s surface, interact with target nuclei in minerals (Dunai, 2010; 
Granger et al., 2013; von Blanckenburg, 2014). These cosmogenic nuclides build-up over time 
in rock and sediment that is exposed to cosmic radiation, and a measure of their concentration 
is used to estimate how long the rock or sediment has been exposed at or near the earth’s surface 
(Goose and Phillips, 2001; Dunai 2010; von Blanckenburg, 2014). 
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Table 1 and the text below summarizes the denudation rates previously estimated using 
cosmogenic nuclides in different physiographic regions of southern Africa. These regions 
include the coastal plain, Great Escarpment, escarpment summit and highlands, central plateau, 
and the lowveld of the southern African landscape (Figure 2).  
Figure 1: Topographic map of southern Africa showing the landscape characterized by the Great 
Escarpment, which extends from Angola to Mozambique along the coast. Obtained and modified from 
mappery.com)  
 
Denudation rates along the Great Escarpment have been determined at several localities (Figure 
2). In the Drakensberg region (south eastern parts of the escarpment in South Africa), Fleming 
et al. (1999) used in situ 36Cl in basalts and estimated 1.4 – 62.3 m/Ma, whereas Decker et al. 
(2011) used 3He in dolerite outcrop and obtained 0 – 2 m/Ma. Using 10Be in quartz-rich river 
sediment, Erlanger (2010) studied 7 catchments that drain the Drakensberg region and obtained 
denudation rates in the range of 9 – 86 m/Ma. In the southern Cape escarpment, denudation 
rates estimated from in situ 3He and 21Ne in dolerites are 1.5 – 3 m/Ma (Kounov et al., 2007). 
Denudation rates have also been determined for the Namibian Escarpment. Cockburn et al. 
(2000) used cosmogenic 10Be and 26A in granite and quartzite outcrops in the Gamsberg area 
and determined denudation rates of 2.1 – 15.6 m/Ma. Bierman and Caffee (2001) also used 
cosmogenic 10Be and 26Al in sediments from sub-catchments of the Kuiseb River draining the 
western escarpment near Weissenfels and obtained denudation rates of 5.3 – 18.2 m/Ma, 
3 
 
whereas outcrop of granite and gneiss yielded 1.0 – 7.9 m/Ma. Adding to the work of Bierman 
and Caffee (2001), Matmon et al. (2018) determined a basin-averaged denudation rate of 5.47 
m/Ma for the Namibian Great escarpment using cosmogenic 10Be and 26Al from river sediment.  
 
Figure 2: Map of southern Africa showing the previously estimated denudation rates (in m/Ma) for the 
different physiographic regions of the southern African landscape. This study focuses on the eastern 
part (grey ellipse) of the Great Escarpment (dashed line). Adapted from Erlanger (2010). 
 
Denudation rates of the coastal plain have been estimated for the east, south and west of 
southernmost Africa. In the Namibian coastal plain denudation rates are determined to be 5.1 
m/Ma (Cockburn et al., 2000), 3.6 m/Ma (Bierman and Caffee, 2001) and ~5 m/Ma (Matmon 
et al., 2018). Studies by Decker et al. (2011), Scharf et al. (2013) and Bierman et al. (2014) 
yield similar denudation rates as the Namib coastal plain, 1.45 – 2.83, 5.2 and 5.4 m/Ma 
respectively; the former study having utilized cosmogenic 3He from dolerites, and the latter 
two studies both measured from 10Be in quartz-rich river sediment. To the east of the 
Drakensberg escarpment, denudation rate estimated vary between 9 and 22 m/Ma (Erlanger, 
2010); north of this region, in Kwazulu-Natal, 3He measured from dolerites along the Pongola 
river yielded denudation rated in the order of 0.43 – 3.9 m/Ma (Decker et al., 2011). 
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Denudation rates reported for the lowveld – a low-lying region between the Eastern Escarpment 
and the Lebombo Mountains – as 3 – 6 m/Ma (Chadwick et al., 2013) measured from 10Be in 
quartz-rich river sediment, and 2 – 10 m/Ma calculated from cosmogenic 10Be in granite 
outcrops and quartz-rich sediment (Glotzbach et al., 2016).  
Denudation rates of the continental interior have been reported from in situ 10Be and 26Al 
studies in the Cradle of Humankind UNESCO World Heritage Site. Those measured from 
quartz in stream sediments and soils are generally low: 5 – 6.6 m/Ma (Granger et al., 2015), 3 
– 4.5 m/Ma (Dirks et al., 2016), 2.2 – 5.6 m/Ma (Makhubela et al., 2019). However, those 
estimated from bedrock vein quartz and chert layers samples in outcrop have a wide range: 2.5 
– 5 m/Ma (Dirks et al., 2010), 0.86 – 8.3 m/Ma (Dirks et al., 2016), 6.4 – 11.3 m/Ma 
(Makhubela et al., 2019). In the Vaal river catchment, a denudation rate of 3 m/Ma (Gibbon, 
2009) has been estimated from 10Be in river sediment, whereas for the Orange River mouth on 
the Atlantic Ocean it has been estimated at 5 m/Ma (Erlanger, 2010). River incision rates were 
determined to be 14 – 255 and 11- 50 m/Ma (Keen-Zebert et al., 2016) for the upper course of 
the Vaal River using 3He from channel bedrock and valley side and top dolerite respectively.  
From this compilation of cosmogenic nuclide-determined denudation rates, there emerges a 
picture of landscape evolution over the 104 – 106 year timescale. The interior of the landscape 
is eroding slowly generally at ≤5 m/Ma. The great escarpment erodes faster, but at variable 
rates < 86 m/Ma; whereas the escarpment summit erodes at lower rates < 24 m/Ma. The coastal 
plain denudation rates are comparable to the summit of the escarpment, eroding at rates < 22 
m/Ma.  
In addition to modern (104 – 106 year timescale) denudation rates determined from cosmogenic 
nuclide analysis, several authors have determined Cretaceous-age denudation rates using 
thermochronological analysis. In the Namibian coastal plain, denudation rates from the time of 
breakup of Gondwana ca.130 Ma to the end of the Eocene ca.36 Ma were ~40 m/Ma, but fell 
to ~5 m/Ma in the present day; inland of the escarpment, ~10 m/Ma since ca.130 Ma (Cockburn 
et al., 2000). In the Drakensberg region (Brown et al., 2002) reported a minimum denudation 
of 4.5 km for the coastal plain since the formation of the margin ca. 130 m/Ma. About 30 km 
seaward of the Drakensberg escarpment denudation rates of ~95 m/Ma prevailed between 93 - 
69 Ma, and west of the Lesotho Highland (inner escarpment) 82 m/Ma between 76 – 64 Ma. 
Slower denudation at ~10 m/Ma is reported for the Cenozoic (Brown et al., 2002). 
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Table 1: Compilation of cosmogenic nuclide denudation rates of the southern African landscape from previous studies. 
Physiographic 
region 
Locality Elevation 
(m) 
type of analysis Isotopes 
used 
Reference Denudation 
rate 
(m/Ma) 
Great 
Escarpment 
 
 
 
 
 
  
Catchments around Drakensberg (SE) 
156-1780 
Sediments 10Be Erlanger 
(2010) 
9.3-86 
Between Beaufort West and Graaff-Reinet 
(S) 
1121-1647 
outcrop (dolerite) 3He Decker et al. 
(2011) 
0-2 
Pongola River catchment (SE) 
876-1393 
outcrop (dolerite) 3He Decker et al. 
(2011) 
0-0.9 
Southern Drakensberg Mountains (Sani Pass 
and Naudesnek) 
2550-2884 
outcrop (basalt) 36Cl Fleming et al. 
(1999) 
1.4-62.3 
Vanrhynspass along edge SW of Great 
Escarpment 
83-821 
outcrop 
(quartzite) 
21Ne Kounov et al. 
(2007) 
0.95-2.1 
Gamsberg, Namibia, W edge of Great 
Escarpment 
2119-2330 
outcrop (granite, 
quartzite) 
10Be, 
26Al 
Cockburn et 
al. (2000) 
2.1-15.6 
Sub-catchments of the Kuiseb River near 
Weissenfels, Namibia, (W) of escarpment 
1455-1783 
Sediments 10Be, 
26Al 
Bierman and 
Caffee (2001) 
5.3-18.2 
Between Rehoboth and Omaruru River, 
Namibia, (W) of escarpment 
913-1225 
outcrop (granite, 
gneiss) 
10Be, 
26Al 
Bierman and 
Caffee (2001) 
1.0-7.9 
Great 
Escarpment 
summit 
Gamsberg, Namibia, W edge of Great 
Escarpment 2339-2346 
outcrop (granite) 10Be, 
26Al 
Cockburn et 
al. (2000) 
0.3-0.5 
High relief 
mountain belt  
 
Swartberg and Langeberg Ranges in Cape 
Mountains S of Great Escarpment 
146-2105 
Sediments 10Be Scharf et al. 
(2013) 
2.3-7.95 
489-815 
outcrop 
(quartzite) 
10Be Scharf et al. 
(2013) 
1.98-4.61 
High relief 
plain  
Several inselbergs in the Ugab River 
Catchment, Namibia, W of escarpment  
228-1242 
Sediments 10Be Matmon et al. 
(2018) 
1.4-5.2 
6 
 
484-2001 
outcrop (granite, 
pegmatite, quartz 
vein) 
10Be Matmon et al. 
(2018) 
0.7-5.6 
Low-high 
relief plains  
Gaub River Catchment W of the Great 
Escarpment 
1335-1867 
Sediments 10Be Codilean et al. 
(2014) 
3.8-18 
Ugab River Catchment W of Great 
Escarpment 
12-924 
Sediments 10Be Matmon et al. 
(2018) 
2.3-3.7 
Low relief 
plains 
 
 
 
 
  
Groot River catchment S edge of Great 
Escarpment 
855-907 
outcrop (dolerite) 3He Decker et al. 
(2011) 
0-0.9 
Mooi River in Thukela catchment SE of 
Drakensberg 
1514-1695 
outcrop (dolerite) 3He Keen-Zebert 
et al. (2016) 
11-255 
Between Kuiseb Canyon and Omaruru, 
Namibia 
748-1075 
Sediments 10Be, 
26Al 
Bierman and 
Caffee (2001) 
7.3-10.1 
West of Gobabeb, Henties surface near 
Omaruru River, Soutpan surface near Ugab 
River 
25-1025 
clasts 10Be, 
26Al 
Bierman and 
Caffee (2001) 
0.2-2.9 
Between south of Omaruru River and south 
of Kuiseb River,  Namibia, (W) of 
escarpment 
57-869 
outcrop (granite, 
gneiss, pegmatite) 
10Be, 
26Al 
Bierman and 
Caffee (2001) 
1.6-7.5 
Catchments in the Kruger National Park, 
South Africa 
323-586 
Sediments 10Be Chadwick et 
al. (2013) 
3.3-7.8 
Catchments in the Kruger National Park, 
South Africa 
281-594 
Sediments 10Be Glotzbach et 
al. (2016) 
2.2-9.7 
Coastal plain 
 
  
Oranger River mouth 
4 
Sediments 10Be Erlanger 
(2010) 
4.6 
Blutkopje, vogelfederberg and Mirabib W of 
Gamsberg 
520-849 
outcrop (granite) 10Be, 
26Al 
Cockburn et 
al. (2000) 
2.7-8 
S and N of Ugab River, Namibia 
25-75 
outcrop (granite, 
gneiss) 
10Be, 
26Al 
Bierman and 
Caffee (2001) 
1.0-2.3 
Walvis Bay and Kaap Kruis, Namibia 
25-75 
Sediments 10Be, 
26Al 
Bierman and 
Caffee (2001) 
2.6-6.8 
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Interior 
Plateau 
 
 
 
 
 
 
  
Near Windhoek, Rehoboth and Otjiwarongo 
1549-2003 
outcrop (granite, 
quartzite) 
10Be, 
26Al 
Bierman and 
Caffee (2001) 
1.3-6.2 
Between Beaufort West and Calvinia 
1192-1800 
outcrop (dolerite) 3He, 
21Ne 
Kounov et al. 
(2007) 
1.67-4.82 
Orange River catchment in south central 
Karoo 
1163-1494 
outcrop (dolerite) 3He Decker et al. 
(2011) 
0-7 
Klip River and Schoonspruit in the Orange 
River catchment 
1620-1635 
outcrop (dolerite) 3He Keen-Zebert 
et al. (2016) 
14-43 
Cradle of Humankind, South Africa 
 
 
  
1460-1482 
Soil 10Be, 
26Al 
Makhubela et 
al., (2019) 
2.2-5.6 
1475-1480 
outcrop (chert) 10Be, 
26Al 
Makhubela et 
al., (2019) 
5.7-12.8 
1248-1423 
Sediments 10Be Dirks et al. 
(2016) 
3-4.2 
1374-1441 
outcrop (chert) 10Be Dirks et al. 
(2016) 
0.9-8.3 
1367-1524 
outcrop (chert) 10Be Dirks et al. 
(2010) 
2.6-4.6 
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1.2 Aims and objectives of present study 
This study has two main aims, the first being setting up/establishing a method for the chemical 
separation of cosmogenic beryllium from quartz. Previous studies that have determined 
denudation rates using cosmogenic nuclides (Table 1) have all done so using facilities in other 
continents (North America, Europe and Australia), and no published data has been produced 
using any facility on the African continent. The eventual determination of denudation rates 
from cosmogenic 10Be concentrations is a multi-faceted process which can be summarized as 
follows: 
a) Crushing the samples to desirable size fraction, sieving and pre-cleaning 
b) Separating quartz from other mineral constituents using physical and chemical 
dissolution techniques 
c) From the purified quartz, leaching of 10Be using hydrofluoric acid 
d) Measuring of the cosmogenic 10Be concentration using an accelerator mass 
spectrometer (AMS) 
The University of Johannesburg has facilities where the first two steps (A and B) can be done, 
and the newly recommissioned AMS at iThemba Labs in Johannesburg can be used to measure 
the concentration of 10Be from the samples. However, a method had not previously been 
established for the separation of 10Be following the dissolution of quartz, and it is thus, one aim 
of this study to establish and test such a method.  
The second aim is to determine outcrop and basin-averaged/catchment-averaged denudation 
rates along the Eastern Escarpment. The terminal 300 km stretch of the Great Escarpment in 
northeastern South Africa, extending from Badplaas in Mpumalanga to Haenertsburg in 
Limpopo is termed the Eastern Escarpment. It attains elevations greater than 2000 m, and, in 
contrast to the low-lying Lowveld to the east of the escarpment, provides a varied and 
interesting topography.  
From the compilation of denudation rates from cosmogenic nuclide studies of the southern 
African landscape (Table 1), almost half have used river sediment, thus providing catchment-
averaged denudation rates. As previously mentioned, cosmogenic nuclides build-up over time 
in rock and sediment that is exposed to cosmic radiation, and a measure of their concentration 
is a reflection of how long the rock or sediment has been exposed at or near the Earth’s surface 
(Goose and Phillips, 2001; Dunai, 2010; von Blanckenburg, 2005). It is suggestive from the 
protrusion of rock outcrops from the ground that exposed rock outcrops and the landscape 
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erode at different rates, i.e. the rocks erode slower than the surrounding soil-mantled landscape. 
For example, the study by Kounov et al. (2007) determined denudation rates for the southern 
continental interior plateau near Beaufort West, Vanrhynspass and Williston, but denudation 
in these parts occurs by mass wastage, which is extremely stochastic in nature. The regional 
rate of change in the landscape can be determined from basin-averaged measurement of 
cosmogenic nuclides in quartz from river sediment. If the streams that drain a catchment 
proportionally contribute sediment, then 10Be from quartz in stream sediment can be used to 
determine catchment-averaged denudation rates (Granger et al., 1996; von Blanckenburg, 
2005; Portenga and Bierman, 2011). There are no studies of this kind focused on the northern 
part of the Drakensberg Escarpment in Mpumalanga, albeit the studies by Chadwick et al. 
(2013) and Glotzbach (2016) east of the escarpment in the Kruger National Park, where some 
of the sediment-sampled streams originate in the high mountain land of the Eastern 
Escarpment. However, the samples reflect the denudation rates in the closer vicinity and are 
thus not representative of the escarpment. Furthermore, a study on catchment-wide average 
denudation rates on the eastern escarpment would be an extremely useful complement to apatite 
fission track thermochronology studies (e.g. Brown et al., 2002; Gallagher et al., 1998), by 
analyzing sand from small catchments that exclusively drain parts of the escarpment we expect 
to constrain the escarpment denudation rate itself.  
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CHAPTER 2: Geological Setting of the Study Area 
 
The rock record in southern Africa preserves over 3600 million years (Ma) of Earth history 
(Hunter et al., 2006; Poujol et al., 2003). The foundations of the Eastern Escarpment 
comprise a distinct geological unit – the Archaean Kaapvaal Craton, one of the oldest well-
preserved ancient crust which forms the basement on which subsequent rocks were deposited 
or intruded into (Lana et al., 2003; Robb et al., 2006). The Kaapvaal Craton comprises of 
three discrete terranes or blocks – the Witwatersrand block in the east, the Kimberly block in 
the west, and the Pietersburg block to the north of the other two blocks - and is thought to 
have assembled through magmatic accretion and tectonic amalgamation of these blocks 
between 3.7 and 3.1 Ga (de Wit et al., 1992; Poujol et al., 2003; Zeh et al., 2009). In the study 
area, the Kaapvaal Craton is exposed in the Lowveld, a region of relatively low elevation 
between the escarpment edge on the west and the Lebombo monocline on the east. This 
eastern block of the Kaapvaal Craton comprises of granitoids that extend from Hazyview in 
the north and southward into Eswatini, the Barberton Greenstone Belt which is within the 
Barberton Mountain Land and comprises some of the oldest rocks – metamorphosed volcano-
sedimentary rocks, dating to more than 3600 Ma (Poujol et al., 2003; Anhaeusser, 2006).  
Following the stabilization of the eastern block by ~3000 Ma, the Mesoarchaean Pongola 
Supergroup was deposited between 2.99 and 2.87 Ga on the southeast margin of the Kaapvaal 
Craton (Luskin et al., 2019; Gold, 2006). The non-conformable Pongola Supergroup overlies 
the basement granitoidal gneisses and comprises two groups, the 2.99 to 2.96 Ga, ~4600 m 
thick lower volcano sedimentary Nsuze Group, and the 2.95 to 2.87 Ga, ˜4800 m thick upper 
Mozaan Group that is primarily characterised by clastic sedimentary rocks with thin volcanic 
units (Luskin et al., 2009). The Pongola Supergroup outcrops in Mpumalanga, southwestern 
Eswatini and northern Kwa-Zulu Natal.  
In the northern regions of the Eastern Escarpment, the basement rocks are overlain by the 
basinal rocks of the Wolkberg Group. The Wolkberg Group is a ~2.7 Ga volcano-
sedimentary sequence developed beneath the Transvaal Supergroup, extending north-south to 
north of north-west to south from Sabie in Mpumalanga to Mokopane in southern Limpopo 
(Button, 1973; Viljoen, 2015). The Wolkberg Group comprises a sequence of clastic 
sedimentary rocks with an intermittent andesitic basalt overlying the basal sandstone and 
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conglomerate, and basalt capping the conglomerate, sandstone, mudrock sequence (Eriksson 
et al., 1996).    
Forming the base of the overlying Neoarchaean to Palaeoproterozoic Transvaal Supergroup, 
is the Black Reef Formation. The Transvaal Supergroup is a supracrustal sequence deposited 
between 2.67 to 2.1 Ga (Eriksson et al., 2001, 2006; Sumner and Beukes, 2006). The Black 
Reef Formation is considered the base of the Transvaal Supergroup and consists mainly of 
quartz arenites and some conglomerates and mudrock horizons. Its thickness along the 
escarpment varies from about 30 to about 200 m. It is overlain by the Chuniespoort Group, 
consisting of the dolomitic Malmani subgroup which locally reaches 2000 m in thickness, the 
Penge formation, consisting of banded iron formation and the Duitschland formation, 
comprising mixed siliciclastic sediment. Along the eastern escarpment, the Duitschland 
formation is missing and the Penge formation is only locally and thinly developed. The 
Chuniespoort Group, thus consisting mainly of the Malmani Dolomites, is here overlain by 
the Timeball Hill formation of the Pretoriua Group, which consists of mudrock and 
prominent quartzites, reaching here 200 m in thickness, which, north of 26°S in the study 
area, in most places define the crest of the escarpment (Eriksson et al., 2006).  
In the southern part of the study area, south of 26°S, the escarpment is mostly formed by 
Archean granitoids (in Eswatini) and sediments of the Vryheid Formation of the Ecca Group 
belonging to the Palaeozoic Karoo Supergroup. The Vryheid formation consists of shales and 
sandstones with intercalated coal seams, which are mined. The topography of the escarpment 
in the southern part of the study area is less pronounced than in the north, which may be an 
expression of the different lithologies.  
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CHAPTER 3: Sampling and Analytical Methods 
 
3.1  Sampling 
A total of eleven samples (six river sediment and five rock outcrop samples) were collected 
both on the east and the west sides of the escarpment. To sample the river, a shovel was used 
to dig up the sediment in the middle of the river, then poured onto a bucket; later on the 
sediment was placed in transparent plastic bags and labelled. For the outcrops, a rock hammer 
was used to separate hand-sized specimens from the larger rock; samples were then bagged in 
transparent plastics and labelled. The rock samples were collected from horizontal, in-situ 
stable surfaces.  
3.1.1 River sediment samples 
a) SMK1401R – Spekboom River 
The Spekboom River is a northward flowing river in the northern Mpumalanga and 
southern Limpopo provinces. The river originates on the west side of the escarpment in 
Mpumalanga Province and is a tributary of the Olifants River, which is in turn a larger 
tributary of the east flowing Limpopo River that drains out in the Indian Ocean (Fig. 
3.1) 
The river was sampled just outside the town of Burgersfort under a bridge on the R555 
(Fig. 3.2) at an elevation of 690 m asl (24°39’36.4” S; 30°20”12.5”E), the sediment 
grain size ranged from sand-silt to gravel, with sand-sized grains being dominant.  
 
b) SMK1502R – Komati River 
The Komati River is an eastward flowing river that is fed by the confluence of smaller 
streams (that originate on the east of the escarpment) at the Nooitgedacht Dam and the 
southeast flowing Small-Komati River in the Mpumalanga Province. The river flows 
through Mpumalanga, into Eswatini (formerly Swaziland), back into Mpumalanga and 
eventually drains out in the Indian Ocean just north of Maputo in Mozambique (Fig. 
3.1)  
The river was sampled just off the R36 (25°53’53.3” S; 30°14’8.8” E) between the 
towns of eNtokozweni and Carolina at an elevation of 1440 m asl. The river bed 
contains sand and cobble-boulder sized clasts (Fig. 3.2) 
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c) SMK1603R – Usutu River 
The Usutu River receives its water from two main tributaries that originate on the 
escarpment in the eastern Mpumalanga Province – the Westoe Dam-Bonnie Brook 
streams and Mpuluzi, close to the border with Eswatini. Like most river in the region, 
it flows in an easterly direction through central Eswatini and into Mozambique (Fig 
3.1), eventually draining into the Indian Ocean in Maputo Bay.  
The river was sampled in Bhunya in Eswatini, just off the bridge on the MR19 
(26°32’21.3” S; 31°00”21.4”E) at an elevation of 900 m asl. At the sampling point, the 
sediment consisted mostly of sand-sized grains of predominantly quartz with minor 
feldspar (Fig. 3.2).  
 
d) SMK1605R – Makhondo River 
The Makhondo River is an easterly flowing major tributary of the Usutu River 
mentioned above (Fig. 3.1). The source of its headwaters are from the escarpment in 
southern Mpumalanga, flowing through Eswatini and confluencing with Usutu River 
in central Eswatini, then draining out into the Indian Ocean as mentioned above.  
The river was sampled a distance away from the MR13 bridge in Eswatini (27°03’19” 
S; 31°06’8” E) at an elevation of 910 m asl. At the sampling point the river bed is 
composed of exposed rock, boulders and pebble-to silt sized material (Fig. 3.2). The 
sand mostly contained quartz.  
 
e) SMK1701R – Vaal River 
The Vaal River, unlike the rivers mentioned above, is a westerly flowing river, which 
also serves as a major tributary, draining the central eastern to upper central western 
regions of South Africa, of the Orange River – a westerly flowing major river 
originating in the Lesotho Highlands which drains into the Atlantic Ocean. The Vaal 
River’s headwaters originate on the western side of the escarpment in southern and 
central Mpumalanga Province (Fig. 3.1).   
The river was sampled close to the Paul Kruger Bridge, just off the N11 - halfway 
between Ermelo and Amersfoort (26°46’11.8” S; 29°55’22.9” E) at an elevation of 
1590 m asl (Fig. 3.2). The sediment consists of sand- to cobble-sized grains of mostly 
quartz.  
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f) SMK1702R – Morgenzon River 
The Morgenzon River is a southerly flowing tributary of the Vaal River (mentioned 
above). The river originates from the watershed that separates the northern drainage 
systems from the southern drainage systems in central Mpumalanga, about 35 km 
northwest of Ermelo (Fig. 3.1). The river flows through mostly agricultural land and is 
a source of irrigation for these areas.  
The river was sampled just off a dirt/gravel road (Stassie Street), about 20 km east-
south-east of Morgenzon, just before the confluence with the Vaal River (26°46’51” S; 
29°48’23.7” E) at an altitude of 1580 m asl. The river sediment consists of sand- to 
pebble-sized grains of quartz (Fig. 3.2).    
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Figure 3.1: Digital elevation model of the eastern escarpment and environs showing the sampling points (note: Fe-Mn 
samples were taken for another project and are not discussed here). 
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Figure 3.2: Photographs of river sediment sampling. (A) Spekboom River, (B) Komati River, (C) 
Usutu River, (D) Makhondo River, (E) Vaal River, (F) Morgenzon River. 
 
 
3.1.2 Rock outcrop samples 
 
a) SMK1402O 
The sample was collected along a road-cut on the R555 about 8 km from Orhigistad in 
Limpopo (24°43’16.3” S; 30°31’38” E) at an elevation of 1111 m asl (Fig. 3.1). The 
sample is a silty shale of the Dwaalheuwel Formation of the Pretoria Group, which 
constitutes the upper Transvaal Supergroup; it has an orange-brown weathering colour, 
but a fresh sample is light-grey (Fig. 3.3).  
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b) SMK1501O 
The sample was collected from an outcrop of the Klapperkop Member of the Timeball 
Hill Formation, which makes up the lower units of the Pretoria Group of the Transvaal 
Supergroup, at the Crystal Spring Mountain Lodge (24°51’37.4” S; 30°41’37.1” E) near 
Pilgrim’s Rest, at an elevation of 1773 m asl (Fig. 3.1). The outcrop consisted of loose, 
scattered boulders amongst some in-situ rocks that show an orange-brown to green 
weathering colour. A fresh sample shows a grey-white, medium to coarse sand-sized 
quartzite (Fig. 3.3).  
 
c) SMK1601O 
The sample was collected on an outcrop along the N17, about 5 km outside of 
Chrissiesmeer in Mpumalanga (26°16’18.4” S; 30°16’2.3” E) at an elevation of 1695 
m asl (Fig. 3.1). The sample represents the fine- to medium-grained, grey-white 
sandstones of the Vryheid Formation, of the Ecca group, forming part of the lower units 
of the Karoo Supergroup.  
  
d) SMK1602O  
The sample represents the granitoid (quartz monzonite) of the Mpuluzi Batholith that 
was sampled 2 km from the Sandlane Border between South Africa and Eswatini 
(26°34’21.2” S; 29°48’23.7” E), along the MR19 at an elevation of 1430 m asl (Fig. 
3.1, 3.3). 
 
e) SMK1603O   
The sample was collected in the Usutu River - where sample SMK1604R mentioned 
above was also collected (26°32’21.3” S; 31°00”21.4”E) at an elevation of 900 m asl 
(Fig. 3.1). Rocks of the Ngwane Gneiss (trondhjemitic and tonalitic gneisses) form part 
of the river bed and banks where the sample was collected (Fig. 3.3). 
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Figure 3.3: Photographs of outcrop sampling. (A) Road cut of the Dwaalheuwel Formation silty shale, (B) Klapperkop Member 
quartzite of the Timeball Hill Formation, (C) Granitoid (quartz monzonite) of the Mpuluzi Batholith, (D) Outcrops of the 
Ngwane Gneiss along the Usutu River.  
 
  
3.2 Analytical Methods 
 
3.2.1 Principles of cosmogenic nuclides 
Cosmogenic nuclides are rare isotopes produced by the action of cosmic rays in the atmosphere 
(meteoric cosmogenic nuclides) and in minerals (in situ cosmogenic nuclides) on the Earth’s 
surface (Gosse and Phillips, 2001). The measurement of cosmogenic nuclides has been 
instrumental for understanding and quantifying Earth-surface processes, especially (a) 
exposure dating of geologic and geomorphic surfaces, (b) burial dating, (c) determination of 
erosion or denudation rates. In order for a cosmogenic nuclide species to be of use in Earth 
science applications, it must meet the following criteria (Dunai, 2010): 
a) It must be rare or absent in minerals, apart from its accumulation due to cosmogenic 
production. 
b) It must either be a stable or a long-lived radioactive isotope, with a half-life of the 
same order or greater than the time scale of the geological process investigated. 
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c) It should be possible to use analytical techniques to resolve any naturally occurring 
interferences on it, such as a meteoric cosmogenic component or any geological 
background. 
d) There must be reasonable understanding of the production mechanisms of the 
nuclide, i.e. knowledge of the relevant target element(s), and the relative 
contributions of spallation, thermal neutrons and muons to the nuclide’s 
production. 
e) The analytical effort must be feasible and the nuclide must be analysed with 
confidence and/or reasonable effort. 
Table 3.1 gives in situ cosmogenic nuclides commonly used for applications in Earth sciences. 
In situ studies of denudation rates mainly use in situ beryllium-10 (10Be) in the mineral quartz. 
Quartz is a preferred mineral for the following reasons (Lal and Arnold, 1985; Dunai, 2010; 
Granger, 2014): 
a) Quartz is geologically prevalent (i.e., found in many rocks or a wide range of 
geological settings) and resistant to weathering and abrasion. 
b) It has a uniform, simple SiO2 chemical composition and a compact crystalline 
structure that permits little contamination from stable (i.e., noncosmogenic) 
beryllium or aluminium. 
c) The separation of quartz from other minerals and cleaning of any contamination is 
achievable with reasonable effort. 
10Be has a half-life (T1/2) of 1.387 ± 0.012 Ma (Chmeleff et al., 2009; Korschinek et al., 2009). 
The production rate of meteoric 10Be in the atmosphere by spallation reactions on nitrogen and 
oxygen is 103 times faster than in situ per unit of mass (Gosse and Phillips et al., 2001). 
Meteoric 10Be falls down, via rain or dry aerosol deposition, onto the Earth’s surface and is 
strongly adsorbed onto fine-grained soil particles (Willenbring and von Blanckenburg, 2010). 
Hence, in situ applications require sequential chemical etching of grains to remove meteoric 
10Be.  
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Table 3.1: In situ produced cosmogenic nuclides commonly used in Earth-science 
applications (adapted from Dunai, 2010).  
Isotope Half-life 
(T1/2) 
Main target 
minerals 
Predominant 
target elements 
3He Stable Olivine, 
pyroxene, other 
He-retentive 
minerals 
All major 
elements 
10Be 1.39 ± 0.012 
Ma a 
Quartz (rarely 
olivine, 
pyroxene) 
O, Si (Mg) 
14C 5730 ± 30 a b Quartz O, Si 
21Ne, 
22Ne 
Stable Quartz, olivine, 
pyroxene 
Mg, Al, Si 
26Al 708 ± 17 ka c Quartz Si 
36Cl 301 ± 2 ka d Carbonates, 
feldspar, (rarely 
whole rock) 
K, Ca, Cl, (Fe, 
Ti) 
36Ar, 
38Ar 
Stable Feldspar, 
amphibole, 
pyroxene 
K, Ca 
41Ca 104 ± 4 ka e Fe-Ti oxides Fe, Ti, (Ca) 
53Mn 3.7 ± 0.4 Ma 
f 
Fe-bearing 
minerals 
Fe, Mn 
Half-lives from (a) Chmeleff et al., 2009; Korschinek et al., 2009 (b) Lederer et al.; 1978 (c) 
Nishiizumi, 2004 (d) Holden, 1990 (e) Kutschera et al., 1992 (f) Honda and Imamura, 1971. 
Abbreviations: a= annum, ka= kiloannum, Ma= Megaannum 
 
 
The production rates of cosmogenic nuclides in rocks on surface is important for understanding 
their application in exposure dating and quantifying erosion or denudation rates, whereas those 
at depth are critical for their application in burial dating. When the cascade of secondary 
particles reaches the lower atmosphere, it is composed almost entirely of neutrons and muons. 
The neutrons and muons continue to penetrate into the upper meters of rock or soil at the ground 
surface but are attenuated below Earth’s surface as a function of the mass penetrated (Lal and 
Peters, 1967; Bierman and Nichols, 2004; Balco, 2017). The production rate of 26Al and 10Be 
in quartz on surface commonly ranges from 100 to 102 atoms per gram of quartz per year (at g-
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1 year-1) (Dunai, 2010; Granger, 2014). The production rate as a function of depth Pi(z) by 
neutron spallation is given by Eq. 5.1: 
𝑃𝑖(𝑧) =  𝑃𝑖(0)𝑒
−𝜌𝑧/Λ         [5.1] 
where Pi(0) represents the local production rate constant derived from the value at sea-level 
high-latitude (SLHL) and the site-specific scaling factor (see Goose and Phillips, 2001; Dunai, 
2010), ρ is the average density of the overburden, z is the depth below the surface, and subscript 
i gives the identity of the nuclide. Λ is the mean free path length defined as the distance over 
which the cosmic-ray flux decreases by a factor of e-1 (Dunai, 2010). It is inversely proportional 
to the density and also varies with altitude and latitude (Goose and Phillips, 2001). The typical 
value for Λ is ~ 160 g cm-2 and in a typical silicate rock (ρ = 2.6 g cm-3), the penetration length 
(mean free path) of neutrons will be 61 cm, and for soil (with bulk density ρ =1.5 g cm-3), the 
mean penetration length will be substantially longer, ~ 107 cm (Granger, 2014). Production 
rates by neutron spallation are attenuated by 99% at 3 m depth (z) in rock, and by 99.99% at 
5.6 m (Granger, 2014). Muons are far less interactive than neutrons and so they produce only 
2 - 3% of the total production at the ground surface (Dunai, 2010). However, they dominate 
production at greater depths because they penetrate more deeply (Brown et al., 1995; Granger, 
2013).  
 
3.2.2 Erosion rates using cosmogenic 10Be 
The 10Be and 26Al inventory of a quartz grain, accumulated during its continuous exposure to 
cosmic rays, can be used to determine its surface exposure age or the denudation rate of its host 
rock. This inventory is commonly referred to as concentrations, and denoted by Ni (where i 
represents the nuclide, e.g. N10 for 
10Be). The nuclide inventory (Ni) reflects a balance between 
production (Pi) as a function of time (t) and radioactive decay, and can be modelled using Eq. 
5.2 (Granger, 2014): 
𝑑𝑁𝑖
𝑑𝑡
= 𝑃𝑖(𝑡) − 𝜆𝑖𝑁𝑖         [5.2]  
where λi represents the radioactive decay constant (yr-1). The decay constant (λi  = ln(2)/T1/2, 
λ10 = 4.99×10-7 ± 5.78×10-5 yr-1; Middleton et al., 1993) is the inverse of the mean-life τi (λ = τ-
1; 𝜏10 = 2.001×10
6 ± 0.02 yr). Surface exposure dating can be used to determine the age of a 
geologic surface (bedrock or unconsolidated deposits), provided that the surface has not eroded 
or aggraded since the time that it was first created or exposed (Granger and Riebe, 2014). The 
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cosmogenic nuclide concentration of that surface at any depth (z) under a zero erosion 
condition is given by Eq. 5.3: 
𝑁𝑖(𝑡) = 𝑁𝑖𝑛ℎ(𝑧)𝑒
−𝑡𝜆𝑖 + ∑ 𝑃𝑖(𝑧)
1
𝜆𝑖
(1 − 𝑒−𝑡𝜆𝑖)     [5.3] 
where t is time and Ninh is the inheritance (i.e., the amount of cosmogenic nuclides inherited 
from previous exposures (t = 0) and/or non-cosmogenic production (Granger, 2014; Granger 
and Riebe, 2014). Pi is the production rate as given by Eq. 5.1.  
Denudation, from the perspective of cosmogenic nuclide production, can be considered simply 
in terms of the translocation of mass as mineral grains are eroded from depth, detached from 
bedrock, and transported through soils by physical and chemical processes (Granger and Riebe, 
2014). The concentration of in situ produced cosmogenic nuclides in a mineral grain increases 
with the amount of time taken to transport the mineral grain from a shielded position in the 
subsurface to a fully exposed position at the surface (i.e. concentration increases with the 
erosion rate) (Gosse and Phillips, 2001; Bierman and Nichols, 2004; Dunai, 2010). When using 
cosmogenic nuclides to determine the rate of landscape change, the denudation is commonly 
assumed to be in steady-state. Thus, for the steady-state assumption to be strictly valid, 
denudation rates must have remained constant for long enough to remove several meters of 
rock and soil (Granger and Riebe, 2014). 
  
The steady-state cosmogenic nuclide concentration is given by Eq. 5.4, which allows us to 
interpret cosmogenic nuclides concentrations of a rock surface or of a sediment that is not being 
vertically mixed, as denudation rates (Granger and Riebe, 2014).: 
𝑁𝑖(𝑧) = ∑ {𝑃𝑖(0)𝑒
−
𝜌𝑧
Λ𝑖 / [𝜆𝑖 +
𝐷
Λ𝑖
]}       [5.4] 
When the denudation scenario is unsteady and complicated due to processes such as vertical 
mixing within soil or regolith, then a different mathematical framework of modelling the 
average cosmogenic nuclide concentration is needed. Granger and Riebe (2014) offers a 
comprehensive review of different scenarios. Once concentrations of cosmogenic nuclides 
have been measured from samples, the exposure age or denudation rates can be determined by 
using any of the numerous calculators now available online. The most commonly used 
calculator is the Online exposure age calculator developed by Balco et al. (2008). 
23 
 
3.3 Sample preparation for analytical method 
 
3.3.1 Pre-cleaning at the University of Johannesburg’s SPECTUM 
Thorough cleaning of quartz is essential for cosmogenic 10Be studies because 10Be is also 
abundantly produced in the atmosphere and deposited in soil via atmospheric dust and rain. 
This additional 10Be is referred to as meteoric 10Be and its abundance can exceed that produced 
in quartz by many orders of magnitude.  
The samples were prepared for pre-cleaning at the University of Johannesburg’s SPECTRUM 
guided by the sample preparation manual compiled by Bodo Bookhagen based on the work of 
Kohl and Nishizumi (1992), von Blanckenburg et al. (2004), Bookhagen and Strecker (2012). 
To dry the river sediment samples, they were laid on black refuse bags that were placed on a 
building roof to dry in direct sunlight over a 2 to 3 day period. Once dry, they were sieved and 
grains between 0.212 to 1.0 mm were collected. The rock samples were crushed then sieved, 
similarly, grains between 0.212 – 1.0 mm were collected for pre-cleaning. The samples were 
leached for a period of 12 to 36 hours several times with 6N HCl and 0.03% H2O2 to remove 
carbonates, iron oxides and organic matter. This leaching process was followed by magnetic 
separation, LST heavy liquid separation and froth flotation for the sample that contained micas 
and feldspars. The pre-cleaned quartz was etched with a mixture of 1% HNO3 and 2% HF for 
72 hours while shaking, to remove the outer layers of quartz to which meteoric 10Be could have 
adhered. 
3.3.2 Dissolution and Column Calibration at the Wits Isotope Geochemistry 
Laboratory 
The quartz dissolution and chemical separation of cosmogenic 10Be was done using an 
adaptation of the Deutsches GeoForschungsZentrum (GFZ) 2016 Cosmo Course Guide at the 
University of the Witwatersrand Isotope Geochemistry Laboratory (WIGL). The final quartz 
leach before sample dissolution was done using 7M hydrofluoric acid (HF) and a treatment of 
aqua regia (AR). For dissolution, concentrated HF was used, and ~0.4 g (380 µl) of 9Be 
spike/carrier was added to each of the samples and blanks.  
Separation of beryllium (and aluminium) from other elements was carried out in two ion 
exchange column steps. The first column (Fe column), with an internal diameter of 8 mm and 
a c. 20 ml reservoir, contained 2 ml (resin column = 6 cm) of BioRad 1-X8 anion resin, 100-
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200 mesh.  The second (Be column) had an internal diameter of 1.6 mm and contained 1 and 
2 ml of BioRad 50-X8 cation resin, for two experiments, respectively.  
1) Fe Columns 
1 – Release initial water 
2 – 2x5 ml 0.3M HCl (clean resin) 
3 – 2x3 ml 6M (condition resin) 
4 – Load sample (collect Be and Al in beaker) 
5 – 2x3 + 1 ml 6M HCl (collect Be and Al in beaker) 
6 – 2x5 ml 0.3M HCl (clean resin) 
7 – 1x5 ml Milli-Q H2O (clean column) 
8 – Seal and store column in Milli-Q H2O 
 
In order to verify that indeed Be and Al are eluted, incremental aliquots were collected and 
ICP-OES measurements were done – 5 ml of sample was loaded onto column, then eluted Be 
and Al with 7 ml of 6M HCl. The results are as follows:  
Table 3.1: ICP-OES concentrations (in mg/L) 
 
Fe Be Al Ti Si Mg Na K Ca Mn 
Sample 
aliquot 
-0.012 0.121 0.025 -0.012 -0.026 0.015 0.034 0.011 -0.086 0.018 
Sample 
aliquot 
-0.012 0.881 0.174 -0.009 -0.01 0.091 0.03 0.018 0.07 0.025 
Sample 
aliquot 
-0.013 0.98 0.172 -0.01 -0.002 0.094 0.023 0.016 0.081 0.026 
Sample 
aliquot 
-0.013 0.966 0.173 -0.01 -0.003 0.091 0.03 0.02 0.072 0.026 
Sample 
aliquot 
-0.012 1.176 0.213 -0.009 0.005 0.114 0.029 0.023 0.117 0.028 
HCl 6M -0.013 0.777 0.114 -0.01 -0.008 0.068 0.027 0.02 0.026 0.024 
HCl 6M -0.013 0.246 0.003 -0.012 -0.016 0.016 0.024 0.012 -0.068 0.02 
HCl 6M -0.013 0.031 -0.02 -0.013 -0.027 -0.002 0.016 0.006 -0.116 0.018 
HCl 6M -0.013 0.015 -0.021 -0.013 -0.028 -0.003 0.016 0.003 -0.12 0.017 
HCl 6M -0.013 0.014 -0.023 -0.013 -0.028 -0.002 0.014 0.01 -0.112 0.017 
HCl 6M -0.013 0.014 -0.022 -0.013 -0.027 -0.003 0.01 0.008 -0.12 0.017 
HCl 6M -0.012 0.015 -0.022 -0.013 -0.026 -0.002 0.013 0.01 -0.118 0.017 
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As shown in Table 3.1 and Figure 3.4, beryllium and aluminium are eluted (along with 
magnesium, sodium, potassium, calcium and manganese), while iron, titanium and silicon 
remain in the column. This indicates that the Fe Column is well calibrated and elutes and retains 
the expected elements. The elution scheme for the Fe columns method was used as presented 
in the GFZ Cosmo Guide and no modifications were necessary.  
 
Figure 3.4: Plot of ICP-OES obtained element concentration of 1 ml aliquot elution.  
 
2) Be Columns 
Table 3.2: Be elution scheme (as presented in GFZ Cosmo Guide 2016) 
1 – Release initial water 
2 – 2+3 ml 5M HNO3 (clean resin) 
3 – 2+3 ml Milli-Q H2O (clean resin) 
4 – 2+3 ml 0.4M Oxalic Acid (condition resin) 
5 – Load sample (collect Al and Ti) 
6 – 1+1+5+5 ml 0.4M Oxalic Acid (collect Al and elute Fe and Ti) 
7 – 1+2 ml Milli-Q H2O (clean column) 
8 – 2+2+4 ml 0.5M HNO3 (elute Na) 
9 – 3+3+5 ml 1M HNO3 (collect Be) 
10 – 5+5 ml 5M HNO3 (clean resin) 
11 – 5 ml Milli-Q H2O (clean column) 
12 – Seal and store column in Milli-Q H2O 
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The elution scheme in Table 3.2 above was modified through several trial-and-error attempts 
such that the plotted elution scheme from collected and ICP-OES-analysed aliquots (Figure 
3.6) matched/resembled the ones shown in Figure 3.5. Table 3.3 shows the elution scheme that 
gave elution curves comparable to Figure 3.5.  
 
Table 3.3: Modified elution schemes 
Column A (2 ml resin) Column B (1 ml resin) 
1 – Release initial water 1 – Release initial water 
2 – 2+3 ml 5M HNO3 (clean resin) 2 – 2+3 ml 5M HNO3 (clean resin) 
3 – 2+3 ml Milli-Q H2O (clean resin) 3 – 2+3 ml Milli-Q H2O (clean resin) 
4 – 2+3 ml 0.4M Oxalic Acid (condition resin) 4 – 2+3 ml 0.4M Oxalic Acid (condition resin) 
5 – Load sample (collect Al and Ti) 5 – Load sample (collect Al and Ti) 
6 – 10x2 ml 0.4M Oxalic Acid (collect Al and elute 
Fe and Ti) 
6 – 10x2 ml 0.4M Oxalic Acid (collect Al and elute 
Fe and Ti) 
7 – 2+4 ml Milli-Q H2O (clean column) 7 - 1+2 ml Milli-Q H2O (clean column) 
8 –  9x2 ml 0.5M HNO3 (elute Na) 8 –  7x2 ml 0.5M HNO3 (elute Na) 
9 – 11x2 ml 1M HNO3 (collect Be) 9 – 4x2 + 3 ml 1M HNO3 (collect Be) 
10 – 2+3+5 ml 5M HNO3 (clean resin) 10 – 2+3+5 ml 5M HNO3 (clean resin) 
11 – 5 ml Milli-Q H2O (clean column) 11 – 5 ml Milli-Q H2O (clean column) 
12 – Seal and store column in Milli-Q H2O 12 – Seal and store column in Milli-Q H2O 
 
In both elution schemes, there is a clear separation of the element peaks (Fig. 3.6): first 
aluminium is eluted as soon as the sample is poured and also with 0.4M oxalic acid, then 
sodium elutes with 0.5M HNO3 followed by potassium. Increasing the molarity of nitric acid 
to 1M leads to beryllium being eluted first – with some potassium still eluting – then 
magnesium. Lastly, calcium elutes when the nitric acid molarity is further increased to 5M. 
Furthermore, as can be seen from both column results, the elution of aluminium does not 
entirely cease, but pauses momentarily with a change in reagent from oxalic acid to waster, 
then slowly resume again with nitric acid and elutes more when the acid’s molarity is higher. 
This is due to the fact that the sample was spiked with aluminium and the sample can be 
considered ‘dirty’ i.e. a sample that contains more than several hundred ppm after purification. 
The element separation obtained from both columns with 1 and 2 ml resin (Fig. 3.5) is 
comparable to the one obtained in Figure 3.4 and thus can be said that the chemical separation 
method works.             
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Figure 3.5: Elution curves for pure quartz (A) and impure quartz (B) based on the elution scheme on Table 3.2 above. 
(Taken from the GFZ Cosmo Guide 2016).  
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Figure 3.6: Elution curves for sample RSS7 using the elution scheme in Table 3.3 
The beryllium was collected in crucibles and dried at 110 °C on a hot plate to precipitate as 
Be(OH)2. At iThemba Labs Johannesburg, this was converted to BeO at 900 °C in a furnace, 
then mixed with niobium powder and pressed into aluminium targets for analysis in the 
Accelerator Mass Spectrometer.  
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CHAPTER 4: Results 
 
4.1 Cosmogenic nuclide concentrations 
The measured concentrations of 10Be in atoms per gram (at g-1) are given in table 4.1. It should 
be noted that there were two sample runs (dissolution, beryllium separation and AMS analysis) 
– in the first one, samples were spiked with 380µl of the 9Be carrier and 1140ml in the second 
run. Two samples (SMK1605R and SMK1701R) were processed and analyzed both in the first 
run and in the second run.  
The 10Be concentration of river sediment quartz ranges from (0.517 ± 0.015) ×106 to (2.85 ± 
0.072) ×106 atoms per gram (at g-1). Figure 4.1 shows that the concentration of 10Be in river 
sediment increases with increasing elevation. For the outcrop samples, measured 
concentrations range from (0.214 ± 0.025) ×106 to (3.98 ± 0.153) ×106 at g-1. Three samples 
(SMK 1601O, SMK1602O and SMK1603O) yielded similar concentrations (Table 4.1).  
Unlike the river sediment samples, the outcrop samples do not show a relation between 
concentration and elevation (Figure 4.1).  
Table 4.1: Cosmogenic 10Be concentrations and erosion rates 
Sample ID N10 (x106 at g-
1) ± 1σ 
Latitude (S) Longitude (E) Elevation 
(m) 
Sample 
mass (g) 
Erosion rate 
(m/Ma ± 1σ) 
River sediment samples 
SMK1401R* 0.852 ± 0.02 24°39’36.4” 30°20”12.5” 690 13.618 7.97 ± 0.544 
SMK1502R 2.85 ± 0.072 25°53’53.3” 30°14’8.8” 1440 8.2 3.91 ± 0.291 
SMK1604R* 0.517 ± 0.015 26°32’21.3” 31°00”21.4” 900 12.773 16.6 ± 1.13 
SMK1605R 1.02 ± 0.119 27°03’19”  31°06’8”  910 13.126 8.2 ± 1.16 
SMK1605R* 0.825 ± 0.019 27°03’19”  31°06’8”  910 12.384 10.3 ± 0.691 
SMK1701R 2.19 ± 0.268 26°46’11.8”  29°55’22.9”  1590 8.112 6.02 ± 0.901 
SMK1701R* 1.88 ± 0.034 26°46’11.8”  29°55’22.9”  1590 9.1215 7.12 ± 0.478 
SMK1702R* 1.66 ± 0.032 26°46’51” 29°48’23.7” 1580 8.8436 8.07 ± 0.539 
Outcrop samples 
SMK1402O 0.214 ± 0.025 24°43’16.3” 30°31’38” 1111 0.214 23.9 ± 3.17 
SMK1501O 3.98 ± 0.153 24°51’37.4” 30°41’37.1” 1773 3.98 1.77 ± 0.147 
SMK1601O 0.667 ± 0.595 26°16’18.4” 30°16’2.3” 1695 0.667 11.6 ± 10.7 
SMK1602O 0.635 ± 0.028 26°34’21.2” 29°48’23.7” 1430 0.635 10.2 ± 0.773 
SMK1603O* 0.611 ± 0.044 26°32’21.3” 31°00”21.4” 900 0.611 7.21 ± 0.698 
Amalgamated soil samples 
RSS5# 3.59 ± 0.060 26°1’12” 27°42’43.2” 1474 3.59 3.08 ± 0.227 
RSS11# 3.61 ± 0.063 26°1’4.8” 27°42’43.2” 1460 3.61 3.02 ± 0.224 
RSS5#1 3.88 ± 0.127 26°1’12” 27°42’43.2” 1474  2.47 ± 0.21 
RSS11#1 3.91 ± 0.128 26°1’4.8” 27°42’43.2” 1460  2.42 ± 0.21 
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* Second AMS analysis using 1140ml of 9Be carrier 
# Soil samples from Cradle of Humankind (this study) provided by T.V. Makhubela 
#1 Soil samples from Cradle of Humankind (Makhubela 2018/Makhubela et al., 2019) 
One sample (SMK1501) does stand out from the rest of the outcrop samples, with the highest 
concentration of (3.98 ± 0.153) ×106 at g-1 (7.5x the average of the other samples) whereas the 
other samples range between (0.214 ± 0.025) ×106 and (0.667 ± 0.595) ×106 at g-1. 
In addition, two samples (RSS5 and RSS11) from the Rising Star Cave system in the UNESCO 
World Heritage Cradle of Humankind (CoH) were provided by T.V. Makhubela for 
comparison with previously obtained results. The RSS5 sample is amalgamated soil collected 
from the ground above the cave entrance, and RSS11 is also amalgamated soil, but, from the 
ground below the scarp towards the Bloubank River bed (Fig. X, Makhubela et al., 2019). In 
this study, the measured 10Be concentrations for RSS5 and RSS11 are (3.59 ± 0.060) ×106 and 
(3.61 ± 0.063) ×106 at g-1 respectively. In the Makhubela et al. (2019) study, the obtained 
concentration were (3.88 ± 0.127) ×106 and (3.91 ± 0.128) ×106 at g-1 for RSS5 and RSS11 
respectively. 
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Figure 4.1: Plot of 10Be concentrations in samples versus elevation  
 
4.2 Erosion rates 
The erosion rates were calculated from the measured 10Be concentrations using version 3 of 
the online erosion rate calculator formerly known as the CRONUS-Earth online erosion rate 
calculator (http://hess.ess.washington.edu/math/v3/v3_erosion_in.html) using production rates 
obtained from the LSDn scaling method implemented from the model of Lifton et al. (2014). 
The results are presented in Table 4.1. For the stream sediments, the erosion rates were obtained 
using the 10Be production rates calculated for the sampling sites. Since the actual erosion of 
bedrock yielding this sediment matter occurred at a higher altitude (and therefore under a 
higher production rate), the calculated erosion rate values are minima. In the case of the 
sediment samples taken at high altitude, the differences from the true values are probably small 
because of the lower topographic relief on the Highveld. In the case of streams sampled at 
lower levels, the approach could have been taken to use a production rate calculated for the 
average elevation of the catchment area above the sampling point, as is often done. This 
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however entails the assumption that sediment was derived evenly from this catchment area, 
which may be incorrect. Therefore, it was here preferred to use the production rates for the 
sampling localities, noting that the apparent erosion rates obtained are minimum values.  
There is no systematic and significant difference in erosion rates between the river sediment 
(catchment-/basin-averaged minima) and outcrop sampled erosion rates (Figure 6.2). However, 
catchment-averaged minimum erosion rates show a narrower range, from 3.91 ± 0.291 to 16.6 
± 1.13 m/Ma, compared to outcrop sample which range from 1.77 ± 0.147 to 23.9 ± 3.17 m/Ma. 
One of the outcrop samples (SMK 1401O) exhibits a significantly faster erosion rate compared 
to the other outcrop samples. The apparent erosion rates yielded by the two samples provided 
by T.V. Makhubela from the CoH are 3.08 ± 0.227 and 3.02 ± 0.224 m/Ma for RSS5 and 
RSS11 respectively in this study; in the study of Makhubela et al. (2019) the obtained apparent 
erosion rates are 2.47 ± 0.21 and 2.42 ± 0.21 m/Ma for the respective samples.   
As note above, altitude is an important parameter in calculating production rates (and therefore 
erosion rates). The erosion rates are plotted against elevation in Figure 6.2. This shows that the 
correlation between 10Be concentrations and elevation shown in Figure 6.1 is not just due to 
higher production at greater altitudes. For the study area, an anticorrelation between erosion 
rates and altitude is apparent for both river sediments (particularly if taking into account that 
these are minima) and outcrop samples, although the latter show a greater scatter.  
For comparison, catchment-averaged erosion rates determined on streams in the Kruger 
National Park (KNP) in the Lowveld, just east of the Eastern Escarpment (Chadwick et al., 
2013) are also plotted in figure 6.2. These data do not fall on the anticorrelative trend defined 
for the study area. 
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Figure 4.2: Plot of erosion rates against elevation 
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CHAPTER 5: Discussion and Conclusions 
 
5.1 Discussion of method 
Prior to this study, there had been no reports of cosmogenic-nuclide-determined erosion rates 
in southern Africa where both the sample processing and atomic mass spectrometry were done 
locally. This aim was achieved by setting up a method for the chemical separation of the 
cosmogenic beryllium-10 isotope from quartz, at the Wits Isotope Geochemistry Laboratory, 
as described in chapter 3. The method can be considered a success. The apparent erosion rates 
obtained for samples RSS5 and RSS11 in this study (3.08 ± 0.227 and 3.02 ± 0.224 m/Ma, 
respectively) can be compared to those of Makhubela (2019), where the chemical separation 
was done at the Geoforschungszentrum Potsdam and the 10Be analysis at the  University of 
Cologne Centre for Accelerator Mass Spectrometry (2.47 ± 0.21 and 2.42 ± 0.21 m/Ma, 
respectively). Although the apparent erosion rates are different, they are however, within two 
standard deviations of each other. Further work will reveal if this difference is systematic, and 
accordingly will entail standardization if necessary. 
5.2 Discussion of measured concentrations and erosion rates  
The erosion rates derived from river sediments (yielding minima) and rock outcrop samples lie 
within the same range (Figure 4.2). The outcrop samples, however, exhibit a larger spread 
compared to river sediment (1.8 – 24 and 8.2 – 16.6, respectively). This is expected, as the 
latter tend to spatially average long-term erosion rates (Granger et al., 1996), while bedrock 
erosion, especially in mountainous areas, often takes place as large rock fall (mass wastage) 
events with long periods of exposure in between.  Two rock outcrop samples (SMK1402O and 
SMK1501O) seem to be outliers in Figure 4.2 and appear to be examples of this stochastic 
process: SMK1402 has a very high apparent erosion rate (23.9 ± 3.17 m/Ma) and the value for 
SMK1501O is very low (1.77 ± 0.147 m/Ma). The latter sample is a quartzite of the Pretoria 
Group of the Transvaal Supergroup, and was taken close to the crest of the escarpment.  The 
protrusion of a rock from the ground compared to the surrounding landscape suggests that the 
rock experiences lower erosion rates (and hence, higher concentrations of cosmogenic nuclides, 
beryllium-10 in this instance) than when in soil (Portenga and Bierman, 2011; Makhubela et 
al., 2019).  
To illustrate this point, apparent exposure ages, calculated by the online exposure age calculator 
formerly known as the CRONUS-Earth online exposure age calculator 
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(http://hess.ess.washington.edu/math/v3/v3_erosion_in.html), using production rates obtained 
from the LSDn scaling method implemented from the model of Lifton et al. (2014), are listed 
below in Table 5.1, showing the wide range of values.  
Table 5.1. Apparent exposure ages for outcrop samples (assuming zero initial 10Be content 
and zero erosion).  
Sample Exposure age (ka) 
1601O 62.8 ± 5.5 
1602O 70.6 ± 2.6 
1402O 33.9 ± 2.7 
1501O 344.8 ± 13.8 
1603O 99.1 ± 7.3 
 
Considering the ambiguity of the outcrop data as to whether they should be regarded as 
indicating erosion rates or exposure ages, the further discussion here is focused on the stream 
sediment data. The measured erosion rates are broadly in agreement with erosion rates that 
have been obtained elsewhere on the southern African landscape (Table 1.1). From that 
compilation, catchment-averaged (river sediment) erosion rates range from 1 – 20 m/Ma, with 
an outlier of 86 m/Ma for an extreme topographic relief in the Drakensberg (rock outcrop 
values likewise range generally from 0 to 20 m/Ma with outliers up to 255 m/Ma, for the 
different physiographic regions of the landscape – but note the above comment on the 
stochastic nature of outcrop erosion in mountainous terrain).  
In a closer regional comparison, the catchment-averaged erosion rates obtained from the 
Kruger National Park by Chadwick et al. (2013) range from 2 – 8.6 m/Ma (Figure 4.2). and 
compare very well with the catchment-averaged erosion rates in this study (3.6 – 17.7 m/Ma). 
Only two of the streams sediment-based erosion rates measured in this study are significantly 
higher than those of Chadwick et al (2013).  
The trend towards higher apparent denudation rates at lower altitudes (Chapter 4; Figure 4.2) 
shown by the data of this study can be explained as an effect of topographic relief. At high 
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elevation and at a distance from the edge of the escarpment, the landscape is a peneplain, 
whereas at lower altitude the rivers run in deep valleys. A correlation between topographic 
relief and catchment-averaged river sediment-based erosion rates was noted in the case of the 
river Loire (France) by Schaller et al. (2001) and a similar correlation appears to be observed 
here. With regard to the way in which the escarpment erodes, this observation further points to 
pediplanation (back-wearing) being more important than peneplanation (down-wearing).  
This trend of higher erosion rates toward lower altitude appears however broken when the 
results of Chadwick et al (2013) are also considered (see Figure 4.2). These show low erosion 
rates at low altitude. The western half of the Kruger National Park in the Lowveld (east of the 
escarpment), where Chadwick et al (2013) carried out their study, is dominated by tonalite-
trondhjemite-granodiorite (TTG) suite rocks of the Archean basement, which are generally 
weathered and eroded faster than the quartzites which dominate the escarpment. However, 
elevation is generally low – usually less than 600 m, and the terrain is generally flat (Figure 1 
of Chadwick et al., 2013). Thus, the topography plays a more important role than the type of 
bedrock in this case. Further, it appears that in this area, more than 40 km east of the 
escarpment, the low-10Be signal of sediment transported from the escarpment is overshadowed 
by the high 10Be concentrations of quartz of more local provenance.  
The eastern escarpment, much like other regions of the great escarpment, has a very rugged 
topography, with elevations starting at ~600 m at the escarpment piedmont and reaching over 
2000 m at the escarpment summit, and consists of a different lithologies. At greater topographic 
relief, differences in lithology are expected to become more important in governing erosion 
rates than in peneplains such as the Kruger National Park. The difference in erosion rates for 
the different sub-regions of the escarpment is best illustrated in the study by Erlanger (2010), 
figures 3.3 and 3.4 in the study, and Table 1.1 in this study. From the coastal piedmont to inner 
piedmont measured erosion rates range from 11.6 – 86 m/Ma, and compare well with the 
erosion rates in this study.  
5.3 Conclusions 
The study had two main aims: (i) establishing a method for the chemical separation of 
cosmogenic beryllium-10 from quartz and (ii) use this method to determine both rock outcrop 
and catchment-averaged erosion rates from river sediment. Both of these aims were achieved 
with reasonable success.  
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The successful chemical separation of cosmogenic beryllium-10 from quartz has been 
demonstrated. Although the current method might require some further tweaking for 
significantly comparable results, a reasonable starting point has been established.  
The second contribution this study has made, is an addition to the database, from 18 previous 
studies, of cosmogenic nuclide determined erosion rates in southern Africa. The use of 
cosmogenic nuclides to determine the rate of change of the landscape has only been in use for 
the past two decades, and in order to draw a clear picture of this landscape change more studies 
in the different regions of the landscape are required. From these studies, only about half (9) 
of them have provide basin-averaged erosion rates, and this study has been able to make an 
addition to this list. The results of this study are in agreement with previous erosion rate 
estimates and contribute to the perspective on the landscape change in the Eastern Escarpment.   
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